Plants growing in temperate regions are often exposed to stress conditions caused by high temperatures. Photosynthesis is one of the metabolic processes most sensitive to high temperature stress, and it is often inhibited before other cellular functions. Using peach leaf disks, we studied the transient chlorophyll a fluorescence along with the gas exchanges at temperatures of 25 (control) 
INTRODUCTION
The chlorophyll (Chl) a fluorescence represents a very small fraction of the energy that is dissipated from the photosynthetic mechanism, but it is widely used to provide information about the structure and function of the electron transport chain (Strasser et al., 2004) . Measuring Chl a fluorescence provides basic information about the photosynthetic mechanism of plants; it has been used to detect changes in photosystem II (PSII) that occur under stress conditions, and it can easily be performed using intact leaves or isolated chloroplasts (Yamane et al., 2000) .
Photosynthesis is highly sensitive to stress caused by extreme temperatures, and it is often inhibited before other cellular functions are harmed (Chen and Cheng, 2009 ). Plants exposed to high temperatures exhibit two opposite effects in the electron transport chain of photosynthesis (Tóth et al., 2007) . Photosystem I (PSI) is stimulated by heat (as measured by the rate of P700 + reduction) due to greater reduction of the plastoquinone (PQ) pool by ferredoxin (Fd) at high temperatures (Tóth et al., 2007) . In contrast, photosystem II (PSII), particularly the oxygen-evolving complex (OEC), is deactivated even at slightly elevated temperatures (Yamane et al., 1998) , demonstrating that this process is especially sensitive to temperature stress (Pushpalatha et al., 2008) .
When photosynthetic samples adapted to the dark are illuminated, changes occur in the intensity of the Chl a fluorescence. This is known as the Kautsky effect (Strauss et al., 2006) . The transient curve displays a rapid increase that ends in less than one second, with a subsequent slow decline toward a steady state. It is postulated that the phase of rapid increase represents the primary photosynthesis reactions (Strauss et al., 2006) . When this transient phase is monitored with high-resolution fluorometers, it provides precise information on the energetic state of the photosynthetic mechanisms . It is known that the kinetics of fluorescence transients are polyphasic when plotted on a logarithmic time scale.
Such plots clearly indicate the intermediate J and I steps between the initial step O and the maximum final level P (Strasser and Govindjee, 1992) .
The JIP-test, proposed by , is used to translate the original measurements of fluorescence transient into various phenomenological and biophysical expressions that quantify the function of PSII (Tóth et al., 2007) . The JIP-test can be applied to in vivo studies of the photosynthetic process because the typical fluorescence transient is sensitive to the stress caused by changes in many environmental conditions, making it a very sensitive indicator of the biophysical processes of the electron transport chain (ETC) (Tóth et al., 2007) . The inhibition of the ETC is followed by the functional separation of the light-harvesting complexes of PSII (LHCII), blocking off the flux of electrons from Q A to Q B (Petkova et al., 2007) .
Thermal stress causes significant changes in the fluorescence transient of chlorophyll a, including an increase in the initial fluorescence (F 0 ) and a decrease in the maximum fluorescence values (F M ). An additional peak at approximately 0.3 ms can also be observed, which is called band K (Oukarroum et al., 2012) .
The objective of this study was to evaluate the effects of different temperatures on photosynthetic activity, as measured by the Chl a fluorescence and gas exchange rates in peach leaf disc.
MATERIAL AND METHODS
Plant material and treatments: Adult peach plants (Prunus persica) of the PE-36 cultivar were grown in an experimental field of the Federal University of Pelotas, Capão do Leão Campus, RS, Brazil (31°48'11''S and 52°24'58''W). Mature completely leaves were collected, and leaf discs with an area of 1,000 mm 2 were extracted. Twelve leaves were used per treatment, and they were conditioned using clips. The leaf disc and clip combination was wrapped in absorbent paper that had been moistened with distilled water, and it was protected by an envelope made of aluminium foil. These packets were exposed to different temperatures (25, 30, 35, 40 and 45°C) for a period of 30 min by immersion in a water bath. The 25°C treatment was used as the control.
After immersion, the samples were carefully removed from the water bath so that the Chl a fluorescence transient and gas exchange be measured.
Analysis of the induction of Chl a fluorescence:
Measurements of the Chl a fluorescence were taken immediately after each temperature treatment using a Handy-PEA portable fluorometer (Hansatech Instruments Ltd., King's Lynn Norfolk, UK). The fluorescence transient was induced by red light, with a peak at 650 nm and approximately 3,000 µmol m -2 s -1 , and was provided by a set of three light-emitting diodes with a recording time of 1 s. Fluorescence intensity was measured between 50 µs and 1 s.
JIP-test, normalisation and subtractions of the fluorescence transient curves:
The fluorescence intensities determined at 50, 100 and 300 µs (F 50µs , F 100µs and F 300µs , respectively), 2 and 30 ms (F 2ms = F J and F 30ms = F I ) and at F M (maximum fluorescence) were used to calculate the JIP-test parameters . The intensity measured at 50 µs was considered to be the initial fluorescence (F 0 ). The Chl a fluorescence transient was analysed using the JIP-test using 'Biolyzer' software (Laboratory of Bioenergetics, University of Geneva, Switzerland).
For comparison of the events represented by the OK, OI and IP phases, the transient curves were normalised as the relative variable fluorescence as: (Tsimilli-Michael and Strasser, 2008) . For analysis of the different kinetics, the divergences (differences) between the relative variable fluorescence curves of the stress treatments and control were calculated (ΔW = W treatment -W control ); this procedure reveals bands that are normally hidden between steps O and P on the relative variable fluorescence.
Leaf gas exchange:
After determining the fluorescence transient, the rates of CO 2 exchange were measured using a portable CO 2 analyser (model LI-6400XT LI-COR, Inc., Lincoln, NE, USA). The measurements were performed in a chamber with a CO 2 concentration of 380 µmol mol -1 and a photon flux density of 1,200 µmol m -2 s -1 .
Statistical analysis:
The results obtained for the parameters of the JIP test were subjected to an analysis of variance (ANOVA); when the F-test was significant, a comparison of means was performed via the Tukey's test.
RESULTS
The leaf discs incubated at 25, 30 and 35°C exhibited typical fluorescence transient curves. However, those that were incubated at 40 and 45°C displayed imbalances with the characteristic OJIP steps (Figure 1 ).
In Table 1 , it can be observed that F 0 and F 300μs display significant increases at 40 and 45°C, with their highest values measured in the leaf discs exposed to 45°C.
For the fluorescence intensity at step J (F J ), the greatest values were identified at a temperature of 25°C and the lowest values at 35 and 40°C. The fluorescence intensity at step I (F I ) and the maximum fluorescence (F M ) displayed significant decreases beginning at 35°C, with the lowest values obtained at 40 and 45°C. (Table 1) The flux of absorption and trapping per reaction center (RC) of PSII, defined as ABS/RC and TR 0 /RC, respectively, were significantly greater in the leaf discs incubated at 40 and 45°C (Table 1) . Electron transport flux per RC of PSII defined as ET 0 /RC began increasing at a temperature of 35°C; this value was similar at that at 40°C, but it was lower than the value obtained at 45°C. It was not possible to estimate the flux Reduction of End-electron acceptors (RE 0 /RC) for temperatures of 40 and 45°C due to a change in the shape of the kinetic fluorescence emission curve ( Figure 1 ). Thus, values were calculated only for temperatures between 25 and 35°C, with significant increases in the values accompanying the increase in temperature (Table 1) .
With regard to the parameters that describe the yields and efficiency of the electron transport chain (ETC), the following can be observed in Table 1 both displayed significantly lower values in the leaves exposed to 40 and 45°C; (b) the quantum yield of electron transport from Q A -to the PSI end electron acceptors (ϕ Ro = RE 0 /ABS), calculated only for temperatures between 25 and 35°C, was significantly lower for the leaves exposed to 25°C; and (c) neither the efficiency with which a trapped exciton can move an electron into the electron transport chain from Q A -to the intersystem electron acceptors (ET 0 /TR 0 = ψ Eo = 1-V J ) nor the efficiency with which an electron can move from the reduced intersystem electron acceptors to the PSI end electron acceptors (RE 0 /ET 0 = δ Ro ), calculated only for temperatures between 25 and 35°C, were affected by the temperature differences.
The performance index (PI ABS ) is a parameter thought to be sensitive to various types of stress; it is widely used to compare primary photochemical reactions (Strasser et al., 2000) , given that it incorporates the energy cascade processes from the first absorption events until the reduction of plastoquinone. The highest values for PI ABS were obtained when the leaves were exposed to 30 and 35°C, with lower values observed at 40°C and minimum values obtained at 45°C (Figure 2 ).
The normalisation of the fluorescence curves between steps O (50 μs) and K (300 μs) ( Figure 3A With regard to the normalisation of the fluorescence curves between steps O (50 μs) and I (30 ms), the relative variable fluorescence greater than 1 ( Figure 4A ) and less than 1 was calculated only for temperatures between 25 and 35°C. A larger pool of electron acceptors can be found at lower temperatures than at higher temperatures (Figure 4) .
With regard to the gaseous exchange parameters, it can be observed that the net rate of assimilation significantly decreased beginning at a temperature of 35°C; for 45°C, this value can even be converted into negative ( Figure 5A ). In contrast, the transpiration rates of leaf discs exposed to 45°C were twice as high as those observed between temperatures of 25 and 35°C, with the lowest values observed at 40°C ( Figure 5B ).
The stomatal conductance was statistically greater for the leaves incubated at 45°C, and it remained at approximately 0.24 mol H 2 O m -2 s -1 when temperatures between 25 and 35°C were used; its lowest values were noted at 40°C ( Figure 5C ). With regard to the intercellular CO 2 concentration (Ci), the leaf discs incubated at 45°C achieved the highest Ci values in contrast to the other temperatures that were studied ( Figure 5D ). Similar behaviour was observed for the Ci/Ca ratio ( Figure 5E ).
DISCUSSION
The flux of absorption and trapping per reaction center (RC) of PSII, defined as ABS/RC, the maximal energy trapping flux per RC written as TR 0 /RC and the maximal electron transport between PSII and PSI per reaction center of PSII (written as ET 0 /RC) and the Reduction of the End-electron acceptors of PSI (written as RE 0 /RC) exhibited the highest values in high temperature. This can be thought of as partly due to the small number of active reaction centres in PS II (Lawlor and Tezara, 2009 ). This characteristic applies to all of the measured parameters when the leaves are exposed to temperatures of 40 and, in particular, 45°C.
The rapid increase in the fluorescence intensity, a consequence of the reduction of the electron acceptors beyond PSII, was affected by the different temperature treatments. The highest intensity of F 0 was identified for the peach leaf discs incubated at 45°C. This parameter represents the number of open reaction centres, or, rather, the first electron acceptor of PSII, Q A, in its oxidised state. However, the increase in F 0 = ABS [k F / (k P + k N )], derived in terms of the de-excitation rate constants, in which k F = rate constant for fluorescence emission, k P = photochemical de-excitation rate constant and k N = non-photochemical de-excitation rate constant, under stress may be due to changes in the light absorption flux because of scatter changes as a result of turgor changes and/or structural changes due to changes in k P and/or k N and various other processes such as: (a) the dissociation of the light-harvesting complexes of PSII and the accumulation of inactive, non Q A reducing RCs; (b) the re-reduction of Q A to Q A -in the dark, via reduced plastoquinone pool; (c) the transfer of electrons from Q B to Q A ; and (d) the monomerisation of the light-harvesting complexes of PSII (LHCII) induced by heat (Chen et al., 2008) .
The increase in F 0 can be interpreted as indicating irreversible damage to PSII caused by uncontrolled dissipation of heat that produces an excess of excitation energy (Bussotti et al., 2011) . The increase in F 0 may have contributed to values close to the control values for the fluorescence intensities measured at 2 ms (F 2ms or the J step). In this case, for leaves exposed to mild temperatures, the accumulation of Q A -occurs due to the energy cascade initiated after the illumination of a sample that was adapted to the dark. However, the fact that the fluorescence intensity at F 2ms approaches values very close to those found at temperatures of 25 and 30°C, even when the leaf discs are exposed to 45°C. This may be explained by the nearly constant concentration of reduced Q A, which is located in the very close surroundings of the reduced plastoquinone pool, even in the dark.
The fluorescence intensity at step I (F 30ms ) and at step P (F M ) or, rather, the partial and total reductions of the plastoquinone B pool (Q B -and Q B 2-), respectively, in addition to the accumulation of Q A -, exhibited greater values when the leaf discs were exposed to 25, 30 and 35°C, indicating a rapid increase in the polyphasic Chl a fluorescence which reflects an accumulation of the reduced states (Mathur et al., 2011) . In addition, studies of the I-P phase of the fluorescence kinetics reflect the size of the pool of final acceptors on the PSI acceptor side (Strasser et al., 2004) . However, the lowest fluorescence intensity at step P (or F M ) observed under thermal stress, represented in this study by the temperatures of 40 and 45°C, may be due to an increase in k N and, therefore, in an increase of the dissipated energy flux.
Under thermal stress, the decrease in ϕ Po = F V /F M = k P /(k P +k N ) = 1/(1+ (k N /k P )) = 1/(1 + 1/(k P /k N )) where k P /k N = F V /F 0 is decreasing (Table 1) , reflecting damage to PSII (Chen and Cheng, 2009) . These results are similar to those observed in rice leaves (Yamane et al., 1997) and in the leaves and peels of apples (Chen and Cheng, 2009 ). The drop in ϕ Eo may indicate the slowdown of Q A reduction, and the ϕ Eo decrease corresponds to an increase in the relative variable fluorescence at step J (2 ms ) (Figure 1 ). This is likely caused by the accumulation of reduced Q A (Bussotti et al., 2011) .
The lowest values of ϕ Ro may occur due to an increase in the efficiency of electron transport from PQH 2 to the final electron receptors of PSI, δ Ro. However, because the high temperature affects the PSI side donors, the efficiency with which an electron moves from the electron acceptors of the intersystem to the final acceptors of PSI was negatively affected, which contributed to this result.
The lower values of PI ABS may have been caused by the absorption of energy by inactive reaction centres, which results in lower RC/ABS values, in addition to a lower photochemical yield and a reduction in the yield of electron transport from Q A -to the intersystem electron acceptors (Table) .
The greater amplitude of the L-band, revealed by the difference between the relative variable fluorescence values between the steps O and K, is an indicator of the lower connectivity or less grouping of the PSII units (Yusuf et al., 2010) . Furthermore, the connectivity between PSII units increases the use of excitation energy and is a significant factor for the stability of the photosynthetic system (Strasser et al., 2004) , which suggests that the photosynthetic system can remain stable even after exposure to a temperature of 30°C. Therefore, the appearance of the L-band is an effect that reflects a deviation from the stability of the system, which agrees with the concept of stress proposed by Strasser (1988) , who describes stress as any established condition in which the forces of the system are outside of their ideal thermodynamic optimal states.
The intensity of the Chl a fluorescence transients is affected not only by the activity of the PSII side electron acceptors but also by the functional state of the donor side of the same photosystem (oxygen-evolving complex, OEC) (Strasser et al., 2004) . In this context, the appearance of the K-band, hidden between steps O and J, occurs due to the equilibrium established for electron transport. The K step, located at approximately 300 μs, is related to the deactivation of the OEC (Strasser et al., 2004) ; in leaf discs exposed to 45°C, this step displays high values. A positive K step corresponds to non-water electron donation to PSII (Strasser, 1975) . A K step with large amplitude corresponds to an imbalance between the electron donor and electron acceptor sides of PSII, which reflects the dissociation of the OEC, along with a progressive decrease in the rates of photochemical processes (Gururani et al., 2012) .
At high temperatures, the electron donor capacity of the reaction centres of PSII is gradually reduced; consequently, the electron transport chain remains oxidised (Mathur et al., 2011; Oukarroum et al., 2012) . This change alters the OJIP fluorescence transient curve, which appears to be a specific response to the high temperatures that is reflected in the total suppression of steps J and I, in addition to the large variation in the P step. This finding was also observed for wheat leaves (Mathur et al., 2011) and the leaves of Parmelina tiliacea (Oukarroum et al., 2012 ) when exposed to temperatures of 40 and 45°C.
The gas exchanges of the peach leaf discs exposed to different temperatures for 30 minutes were drastically affected by the higher temperatures. For the net assimilation rate, that was measured immediately after the high temperature period, there was a significant decrease in apparent CO 2 fixation, reduction beginning at 35°C. In general, stress due to high temperatures causes a direct thermodynamic effect that suppresses biological processes, including the activities of the Rubisco enzyme and PSII.
The fact that the assimilation of CO 2 is dependent on temperature may be attributed to the low activation level of the Rubisco enzyme (Wahid et al., 2007) , which in turn is likely a consequence of the increased permeability of the thylakoid membranes and the reorganisation of the electron transport chain (Ducruet et al., 2007) . Nevertheless, with an increase in temperature, the Rubisco enzyme increases its catalytic activity, and it is the low affinity of the enzyme for CO 2 and its oxygenase activity that limit the potential increases in the photosynthetic rate (Wahid et al., 2007) .
The stomatal conductance displayed patterns similar to those of photosynthesis at temperatures of 25, 30, 35 and 40°C, suggesting that the decrease in the photosynthetic rate is also related to stomatal closing at the higher temperatures. However, for the leaves exposed to 45°C, the stomatal conductance reached a value 3.5 times greater than the values observed for the control. Stomatal opening has also been observed for bean and clover leaves exposed to temperatures of 40 and 45°C (Reynolds-Henne et al., 2010) . The increase in stomatal conductance at high temperatures may be caused by changes in metabolism and membrane properties (Reynolds-Henne et al., 2010) , which could explain the differences in the responses observed at different temperatures.
The photosynthetic electron transport chain was affected when peach leaf discs were exposed to temperatures of 40 and 45°C. An increase in F 0 was observed at the elevated temperatures, and the K and L bands displayed large amplitudes. The parameters for gas exchanges were gradually and negatively affected by the increase in temperature, with the lowest rates of net assimilation observed at 45°C.
